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For large baryochemical potential /^b strongly interacting matter might un- 
dergo a first order phase transition at temperatures T ~ 100 — 200 MeV. 
Within standard cosmology, however, /^b is assumed to be very small lead- 
ing to a crossover. We discuss implications of a first order QCD transition at 
high fiB being consistent with current observations. In this contribution we 
concentrate on effects on the gravitational wave spectrum. There are other in- 
teresting cosmological signals as a modification of the power spectrum of dark 
matter, the production of stellar black holes, and the seeds for the cxtragalactic 
magnetic fields which we briefly address also. 
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1. Introduction 

In the standard scenario of the hot big bang a period of inflation is as- 
sumed to have taken place in the very early universe. During inflation met- 
ric perturbations are created of which the tcnsorial part forms a spectrum 
of primordial gravitational waves (GWs) presumably propagating through 
spacetime until today. Not interacting with the medium they can retain 
information about the very early stages of the cosmos. Nevertheless, the 
evolution of the universe can leave imprints in the primordial GW signal 
because the GW spectrum depends on the behavior of the Hubble param- 
eter H given by the Friedmann equation 

H .(^-j =— poc5(r)T. 

The proportionality holds for a radiative medium with g(T) effective rel- 
ativistic degrees of freedom. A GW starts to decay when the wavelength A 
becomes smaller than the Hubble radius H~^, i.e. at horizon entry. 
depends on g and T whereas, by contrast, A grows proportional to the scale 
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Fig. 1. Outline of a possible phase diagram for strongly interacting matter. In the 
conventional picture the early universe evolves at small baryochemical potential, where 
lattice QCD predicts a crossover. The evolution of the universe follows the arrow, see 
also.^ (Figure taken from Ref. 2.) 

factor a — independently of the properties of the medium. Thus, a drop 
in the relativistic degrees of freedom, as expected during the QCD phase 
transition, can modify the spectrum. In this contribution we present our 
resuhs for the primordial GW spectrum after different types of QCD phase 
transitions including one at high featuring a short period of inflation.^''' 
The little inflation also modifies the power spectrum of large-scale structure 
up to an enclosed dark matter mass of M '--^ IO^Mq and dilutes the cold 
dark matter density up to a factor of 10~^. This requires a reduced WIMP 
annihilation cross section or a larger WIMP mass which could be probed 
at the LHC. During a first order transition collisions of charged bubbles 
can generate magnetic fields which could be the seed fields for the galactic 
and extragalactic magnetic fields observed today. We point out that the 
concept of a short infiationary period during the QCD phase transition has 
also been introduced earlier by Kampfer et al. ' and Borghini et al.'' 

2. QCD Phase Transition with a Little Inflation 

From lattice calculations we know that for small baryochemical potential 
strongly interacting matter undergoes a crossover from the hadronic phase 
to the quark-gluon plasma. As observations of the cosmic microwave back- 
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ground and measurements of the abundances of light elements suggest, the 
baryon to photon ratio in the early universe and equivalently the baryo- 
chemical potential are well within the crossover region of the QCD phase 
diagram: ub/s ^ n-Q/n^ ~ ^ 10^^, sec Fig. 1. This ratio is conserved 

except at baryogcnesis and during a first order phase transition with release 
of latent heat. At /ie/T ^ 1 there are no reliable data from lattice QCD, 
and a first order phase transition is not excluded. As will be discussed in the 
following, in this case there may be observable signals from the transition. 
But how do we circumvent the bounds on /xb set by big bang nucleosynthe- 
sis (BBN) data? A possible scenario is the following (see also Fig. 2): Before 
QCD time a strong baryon asymmetry is produced, e.g. by an Affieck-Dine 
baryogcnesis. This can lead to ~ 1 and therefore allows for a first 

order transition during which the universe is trapped in a false metastable 
vacuum. The energy density is then dominated by the potential of this 
state. Since the latter is constant in time, it leads to an exponential growth 
of the scale factor and thus to an additional period of (de Sitter) inflation: 

oc (0 = const. =^ — = const. => a oc exp(iJ • t). 
a 

After the inflationary period the baryochemical potential should be at the 
value needed for BBN to produce the right amount of light elements. Tag- 
ging quantities before the inflation with a subscript i and those afterwards 
with f wc can write down 

(?),-(S)°(?),i»-' 

Hence, to provide the necessary dilution of /in only N = ln(af/ai) ^ 
ln(10'^) ^ 7 c-folds arc sufficient. This is few in comparison to the corre- 
sponding value 50 in standard inflation. Nevertheless, the production 
of hadronic bubbles within the supercooled quark-gluon plasma must be 
suppressed in order to delay the phase transition. The corresponding nu- 
cleation rate depends on the difference in the free energy of the two phases 
and on the surface tension.' For high densities this is discussed in Refs. 
8,9. The attenuation of the fraction ^jlb/T is accompanied by a strong su- 
percooling which passes into a period of reheating after the little infiation. 
Thereby the transition temperature Tc is reached again and the evolution 
of the universe returns to its conventional path. 

Finally we should mention that the scenario described above is only one 
possibility for a first order QCD phase transition in agreement with obser- 
vation. Another one includes a large lepton asymmetry and is discussed in 
Ref. 10. 
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Fig. 2. Possible track of the universe through the phase diagram for strongly interacting 
matter. The system crosses the first order line starting from high chemical potential /^b- 
It is supercooled during a short period of inflation followed by the actual phase transition 
when reheating sets in. (Figure taken from Ref. 2.) 

3. Tensor perturbations and the QCD trace anomaly 

In the future, observation of gravitational waves may allow for distinction 
between different types of QCD transitions. To see this we need the (gauge 
invariant) equation of motion for the tensor perturbation amplitude Vk = 
a ■ hk in Fourier space. Making use of conformal time rj and denoting the 
corresponding derivatives with primes we get 



The last expression is proportional to the trace anomaly to which GWs are 
sensitive. In order to calculate the evolution of the primordial GW spectrum 
around QCD time we use parametcrizations corresponding to several lat- 
tice calculations, see Fig. 3. The lattice results were obtained with improved 
staggered fcrmion actions (asqtad, p4, and stout) with and without includ- 
ing a hadron resonance gas (HRG).^^"^ * The resulting GW spectra show a 
step-like structure at a critical frequency v* which corresponds to the mode 




where 
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Fig. 3. The trace anomaly of strongly interacting matter. The dashed curves depict 
parameterizations of results of lattice QCD. In part also the hadron resonance gas (HRG) 
has been taken into account. (Figure taken from Ref. 2.) 



that enters the Hubble horizon at the end of the phase transition. In Fig. 4 
the resuhing energy density in GWs per logarithmic frequency interval is 
shown: 

Og(fc) = /^^ with pc being the critical density. 

Pc a In K 

The spectra in Fig. 4 are rather insensitive to details of the phase transition. 
This is because entropy is conserved during a phase transition described by 
the bag model or lattice data at vanishing /xb . Entropy conservation in turn 
leads to 

if we choose the typical values gi = 51.25 and gi = 17.25 as in Ref. 14. 
However, in case of large entropy release, as it is expected at the end of 
an inflationary period, the resulting spectrum differs drastically: Because 
during inflation the successive entrance of modes into the horizon is reversed 
to a successive horizon exit, the high frequency modes in Fig. 5 are strongly 
suppressed with respect to the ones with low frequency. In addition to the 
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Fig. 4. The energy density of GWs per logarithmic frequency interval after the QCD 
phase transition assuming entropy conservation. High frequency modes are suppressed 
by a factor of ~ 0.7. The bag model calculation has been done with Tc = 180 MeV. The 
dashed curves represent calculations with lattice data. (Figure taken from Ref. 2.) 

consequential drop ^gii') oc we observe strong oscillations within the 
spectrum. They emerge because each mode is at a different phase at horizon 
exit during inffation. 

4. Observations of gravitational waves 

In Fig. 6 different possible GW spectra after the QCD phase transition 
are displayed. In the upper panel the strain amplitude of the primordial 
GWs after a conventional QCD transition is compared with a spectrum re- 
sulting from the inflationary scenario (omitting the oscillations). The step 
frequency in the amplitude is close to the highest sensitivity of pulsar tim- 
ing methods. We also display a spectrum which is expected after a phase 
transition which additionally includes a long period of domination of kinetic 
energy of a scalar field (kination) . Kination can occur during the process of 
reheating after inflation and here serves as an example of how future mea- 
surements of the GW spectrum could shed light on the time evolution of 
the equation of state in the early universe. The lower panel shows possible 
spectra of GWs emanating from bubble collisions and turbulences during a 
first order QCD transition. They most strikingly differ at high frequencies: 
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Fig. 5. The GW spectrum after a QCD transition with a little inflation. The inflation- 
ary scenario entails a much stronger dilution than a transition with conserved entropy. 
(Figure taken from Ref. 2.) 

In this regime the slopes of the spectra deviate because in Ref. 15 multi- 
bubble collisions are included. Note that these analytic estimates were done 
for a general first order transition at QCD time and do not include a short 
period of inflation. For both we chose the maximal strength still being 
consistent with PPTA measurements. Recent analyses of data measured by 
the European Pulsar Timing Array EPTA"' pose similar constraints on the 
spectra displayed in the lower panel. The Square Kilometre Array SKA is 
expected to push these limits further down. By contrast, a detection of the 
primordial GW spectrum seems impossible in the foreseeable future. How- 
ever, comparison of Planck^' measurements ok. v ^ 10~^® Hz with those of 
the proposed Big Bang Observer BBO^'^ at ~ 1 Hz will potentially allow 
for a discrimination between an inflationary transition and the standard 
one. 

5. Summary 

We have presented an alternative scenario for the cosmological QCD phase 
transition which includes a short period of inflation. The scenario depends 
on a strong baryogenesis before the QCD scale allowing the universe to in- 
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Fig. 6. DifTcrcnt GW spectra after the QCD transition. The sensitivities of PPTA 
(Parkes Pulsar Timing Array), SKA (Square Kilometre Array) and LISA (Laser Inter- 
ferometer Space Antenna) are displayed. PPTA already constrains the GW production 
during the QCD phase transition. The spectra in the lower panel are based upon ana- 
lytic estimates in Ref. 1-5 (Kamionkowski et al.) and Ref. 19 (Caprini et al.). See also 
Refs. 20—22. The displayed spectrum of relic GWs has the largest amplitude consistent 
with COBE.-' (Figure taken from Ref. 2.) 

tersect the first order transition line which is suggested by effective models 
of QCD. The system needs to be trapped in a metastable vacuum state 
such that the corresponding vacuum energy leads to an inflationary phase. 



January 20, 2013 12:31 



WSPC - Proceedings Trim Size: 9in x 6in proc'goa'2010 



9 

Such a first order phase transition would generate signals which can poten- 
tially be observed: In this contribution we discussed the strong suppression 
of GWs with frequencies above 10~^ Hz and the production of GWs in 
bubble collisions and turbulences during the phase transition. We also men- 
tioned effects on the dark matter power spectrum, different requirements 
on the WIMP annihilation cross section, and the production of primordial 
magnetic fields. 
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